Ion tracking and ion-track lithography have been performed almost exclusively using ions with energies near or above the maximum in electronic stopping, which occurs at ~1 MeV/amu. In this paper, ion-track lithography using ions with energies well below this maximum is discussed. The results of etching ion tracks created in polycarbonate films by ions with energies just above the anticipated threshold for creating etchable latent tracks with cylindrical geometry have been examined. Low-energy neon and argon ions with 18-60 keV/amu and fluences of ~10 8 /cm 2 were used to examine the limits for producing useful, etchable tracks in polycarbonate films. By concentrating on the early stages of etching (i.e., ~20 nm < SEM hole diameter < ~100 nm), the energy deposition 
I. INTRODUCTION
Nuclear, or ion, tracking has been the subject of considerable scientific interest and technological applications. [1] [2] [3] [4] [5] Lithographic applications of ion tracking have been recognized for over fifteen years, 3 but the main uses have been for fabricating simple filters with very small diameter holes and for creation of molds for electrodeposition of long, cylindrical or faceted structures (or nanocolumns) into the etched track holes. By using etched tracks in a polycarbonate film as the initial mask for the creation of an array of gated, field-emission cathodes, we extended the lithographic applications of ion tracking to more complicated structures. 6 For this case and for the creation of simple nanocolumn field emitters, 7, 8 we used ~0.1 MeV/amu xenon ions to create the tracks, but
we had interest in lowering the ion energy and atomic number to enable the lithography with smaller and less costly tracking equipment. Considerations for such low-energy iontrack lithography is the main topic of this paper. The results of etching ion tracks created in polycarbonate films by ions with energies just above the anticipated threshold for creating useful, etchable latent tracks with cylindrical geometry have been examined. In addition, calculations assessing the importance of large-angle scattering events on the application of such low-energy ions to lithography are also presented. As background, the discussion below gives the essence of the track formation process, summarizes the relevant literature on tracking polycarbonate foils, and defines our study.
I.A. Track formation processes
As an ion slows in a material, it loses energy by inelastic interactions with the electrons (electronic losses or electronic stopping) and, at sufficiently low velocities, by elastic collisions with the atoms (nuclear losses or nuclear stopping). Ion tracks resulting from electronic stopping lead to well-defined structures suitable for lithography. When the ion velocity is sufficiently high, the ion trajectory is essentially a straight line along its path because the ions interact mainly with the electrons of the material. Due to statistical fluctuations in the energy deposition, continuous volumes of extended defects in the material can only be expected for high levels of energy deposition. As the electronic stopping power increases, the damage morphology for Y 3 Fe 5 O 12 changes from (a) isolated spherical defects to (b) overlapping of spherical defects to form longer discontinuous cylindrical defects to (c) continuous cylindrical defects. 9 The most welldefined latent ion tracks (i.e., tracks that exist prior to etching) are those that consist of such continuous cylindrical defects centered on the essentially straight ion path. A similar progression of track morphology has been reported for a polyimide (Kapton). 10, 11 Furthermore, the effective damage radius for Y 3 Fe 5 O 12 has been shown 12 to be dependent on both the electronic stopping and the ion velocity with damage cross-section for a given value of electronic stopping being greater for lower velocity ions. They explained this effect by the energy deposition being more localized for the low-velocity ions than for the high-velocity ions. This experimental result is consistent with early calculations for plastics indicating that etchable tracks are formed when the deposited energy density near the ion path exceeds a critical value, which is characteristic of the material.
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I.B. Tracking and etching polycarbonate
For more than thirty years, polycarbonate foils have been used as particle detectors and in tracking studies. The chain scissions existing in the latent tracks result in monomer segments at the end of a chain and require only one chemical cleavage. This simpler process contributes to the higher etch rate in the track. In addition the etchant can diffuse faster into the track than into the non-tracked material. A combination of these effects qualitatively explains the much higher etch rates for the tracks compared to the non-tracked material.
The stability of latent tracks and their susceptibility to etching can be enhanced by exposure to ultraviolet (UV) radiation in air or oxygen. 19, [20] [21] [22] A probable explanation of this enhancement has been proposed. 19 Oxygen reaction with radical or excited phenolic groups could occur in the absence of UV, while in the presence of UV, normal phenol groups would also react. In addition, such UV exposures in the presence of oxygen enhance the long term stability of the scissions. MeV/amu for Ne. At these peaks the ratios of electronic to nuclear stopping are 434, 428, and 468, respectively. Thus, for ions with energies near these peak stopping values, essentially all the energy deposition is due to electronic excitation. At energies below the Bragg peak the importance of nuclear stopping increases. Each stopping value below the Bragg peak intersects the electronic stopping curve at two different energies, termed the lower and upper energies.
I.C. Track threshold considerations
Over the years different approaches have been suggested to relate some aspect of the deposited energy with the threshold for creating continuous latent tracks. The original interest in knowing the threshold was to permit correlation of the observed lengths of etched tracks in a material with those calculated, as a function of ion species and ion energy. Thus, the emphasis was on determining the etching threshold (i.e., the minimum energy deposition rate that leads to etchable tracks). Our interest is in determining the minimum energy required for a specific ion to create a continuous latent track with v T /v G ≥ 10 throughout the thickness of a polycarbonate resist layer. As mentioned above, such tracks should be suitable for lithography. The main approaches to relating the experimental results to the stopping of the ions have been total energy loss, restricted energy loss, and thermal spike.
Initially, the threshold criterion for creating continuous latent tracks was believed to be the minimum required total stopping, 25 which is dominated by electronic stopping (abbreviated as SE) at the upper energies. Another method to relate the energy deposition rate to the threshold for track formation is the restricted energy loss (i.e., REL) method. 13 The REL includes only that portion of the total energy loss that produces delta rays (i.e., electrons) of less than some specified energy (usually < 350 eV or < 1 keV) that deposit their energy near the ion path. Because this method relies on a calculation of both the electronic stopping and the energy distribution of electrons, there is additional uncertainty in the calculation compared to the total electronic stopping method. For ions with energies well below the Bragg peak the electron energies are smaller and the REL approach should give results similar to that of the SE approach. Typically, the threshold has been determined by measuring the track etch rate as a function of the REL. The threshold REL has been evaluated by extrapolation of the data to v T /v G = 1.
For ions with energies well below the Bragg peak, the REL threshold determined in this way corresponds to very low energy ions that deposit their energy mainly into elastic atomic displacements resulting in damage clusters of various sizes. These very low energy ions cause radiation damage and chain scission, but only at the surface; thus, slightly enhanced etching rates are observed only for very shallow depths. Detection of such "tracks" at surfaces of non-etched or very slightly etched material leads to the smallest values for the threshold. However, such "tracks" are not useful for ion tracking lithography because of their shallow depths and non-uniform sizes and will not be discussed further here.
In recent years, the concept of a thermal spike model has been quantified and applied to a variety of ion and material combinations, but has not been applied to polycarbonate. 9, 12, [26] [27] [28] These calculations assume that the latent tracks result from a transient thermal process. The elevated temperatures along the path of the ion result from the transfer of energy of the ion-excited electrons to the nearby atoms. Because the electron-lattice coupling is better in insulating materials than in metals, a larger increase of temperature along the ion trajectory is expected in insulating materials. 27 However, this model has not been applied to polymers because of the more complex nature of the radiolytic degradation processes. 28 Thus, the thermal spike model probably not directly applicable to tracking in polycarbonate. ESR results for polycarbonate indicated that production of free radicals directly by electrons rather than by thermal spikes explain the formation of latent tracks; this conclusion was established by the observation that the nature of the free radicals was independent of the type of incident particle (gamma, electron, neutron, or ion).
A summary of the relevant literature for the three threshold methods applied to polycarbonate materials is given in Table 1. From this table, we can Table 1 , controlled air exposure of the tracked Lexan to UV radiation markedly reduced the thresholds for etching. 21 This UV exposure decreased the v T /v G = 1 and v T /v G = 10 thresholds by more than a factor of two. Because SE approaches REL for the low energy ions of interest here (due to the low energies of the excited electrons), a reasonable assumption is that the SE threshold for useful lithography can be approximated by the REL threshold for v T /v G = 10, which is in the range of 4.3 to10.6
MeV cm 2 /mg without UV exposure prior to etching, but as low as 3.4 MeV cm 2 /mg with UV exposure.
I.D. Definition of study
As seen in Fig. 2 , the ratio of electronic to nuclear stopping decreases rapidly with ion energies below the Bragg peak. As examples, for 13.6-MeV Xe (~0.10 MeV/amu) and 2-MeV Ar (~0.05 MeV/amu) the ratios of electronic to nuclear stopping are 11 and 21, respectively. These ratios are much less than the corresponding peak ratios of 434 and 428. Nevertheless, 13.6-MeV Xe has been used successfully for ion track lithography on 0.6-μm thick polycarbonate films. [6] [7] [8] Our goal was to demonstrate that much lower-energy, lighter ions can be used to perform the lithography through such films, and, consequently, reduce the tracking equipment requirements to something similar to standard ion implanters that have lower high-voltage terminals and smaller analyzing magnets than the accelerator systems normally used for ion tracking. In particular, we were interested in reducing the ion energy and mass from the 13.6-MeV Xe ions that we previously used for ion track lithography in 600-nm thick Makrolon films [6] [7] [8] and in increasing the film thickness to at least 1 μm.
Considerations of the results of Table 1 , the curves of Fig. 2 , the ion ranges for energies of interest, and limited resources led to the decision to limit the study to the SE (or REL) range of 6 to 8 MeV cm 2 /mg using low-energy neon and argon ions (i.e., 18-60 keV/amu) with pre-etching exposure to UV radiation in air. This SE range is above the expected threshold of 3.4 MeV cm 2 /mg for pre-etching exposure to UV radiation in air. 21 The basic idea was to verify the expected formation of useful, etchable latent tracks by registration after minimal etching and uniform hole sizes after longer etching times.
Assuming this expectation was true (for at least part of the SE range of 6 to 8 MeV cm 2 /mg), the ion energy corresponding to the lowest effective SE could be taken as an energy that the ion must have at the film/substrate interface (after passing through the polycarbonate film). Under this interface condition, the stopping curves could be used to determine the required incident ion energy for etching of a nearly cylindrical hole throughout the thickness of a polycarbonate film.
At lower ion energies the nuclear stopping increases, and large-angle scattering events become more important. Such scattering effects must be evaluated for ion-track lithography applications, because they can result in nonlinear ion paths and, thus, nonlinear holes etched through the film. Using the SRIM code, the angular distributions of ions that passed through polycarbonate foils of various thicknesses were calculated, and assessment of the importance of large-angle scattering events was made. MeV Ar, which initially deposits an SE ~ 11 MeV cm 2 /mg (Fig. 2b) , and 13.6-MeV Xe, which initially deposits SE ~ 22 MeV cm 2 /mg (Fig. 2a) . Tracking with 2-MeV Ar was considered to be an initial goal that allowed lowering the ion energy and atomic number to enable the lithography with smaller and less costly ion-accelerator equipment;
II. EXPERIMENTAL CONSIDERATIONS
however, we needed to determine that the energy of the Ar at the film/substrate was sufficient to create useful, etchable tracks. Results for 13.6 MeV Xe that had been used in our previous ion-track lithography studies, [6] [7] [8] have been included for comparison.
Makrolon polycarbonate films (~600-nm thick) were deposited onto 100-mm diameter, chromium-coated glass substrates using deposition and baking procedures similar to those previously reported. 6 A 50 mm X 50 mm square near the center of the 100-mm diameter substrate was irradiated using a magnetically analyzed, electrostatically 
III. RESULTS AND DISCUSSION
III.A. Tracking and etching studies
Images of the etched holes (after depositing a thin coating of carbon) were obtained as a function of etching time using low-energy SEM at near normal incidence.
The cylindrical hole diameter was taken to be the diameter of the dark hole as determined using the calibrated markers in both the X and Y directions of the micrograph. An example of this measurement scheme is shown in Fig. 3 . A sequence of SEMs showing the effects of increasing the etching time from one to eight minutes is displayed in Fig. 4 .
The indicated hole diameters were determined using SEMs with magnifications 1.67 times those in Fig. 4 .
Although the largest percentage errors occur for the smallest hole diameters, no effort has been made to assess such measurements errors as a function of hole diameter.
The largest errors are believed to be associated with the reproducibility of the etching process parameters, including initial surface cleanliness, substrate and etchant temperature, and timing of the etch start and stop. In addition, the variability of the thicknesses of the thin carbon coatings was believed to be a contributor to errors for the smallest holes.
Uniform irradiation should have led to etched tracks densities (tracks/cm 2 ) equal to the measured fluences, indicating unity probability of track formation. For 13.6 MeV Xe ions, the etched hole densities were found using SEM to be 0.99 (± 0.05) X 10 8 /cm 2 , which agrees with the electronically measured fluence of 1.00 (± 0.05) X 10 8 /cm 2 .
Unfortunately, the SEM fluences for the lower-energy ions were either equal to or greater than the measured fluences, indicating that there was some bombardment by neutralized ions, which were not measured by the dosimetry system. For example, the etched hole density for 2 MeV Ar ions was 1.22 (± 0.11) X 10 In Fig. 6 (a) the etched holes can be seen to be quite uniform in size. To verify that the 107-nm diameter holes found were really cylinders throughout the thickness of the film, we prepared cross-sectional samples for SEM analysis by pulling the film off in some areas. The micrographs shown in Fig. 6 (b) and 6(c) were taken at different locations along tear lines to show the general features. As expected the holes are nearly cylindrical in shape throughout the thickness of the film. After examining many crosssectional areas, we could only find cylindrical holes; there was no evidence of holes that did not penetrate the film. The oscillations in the diameters of the holes throughout the thickness of the film are due presumably to the enhanced sensitivity to etching created by the standing wave pattern due to the UV radiation interacting with the film. 35 Using several different SEMs and correcting for the sample tilt angle (~30°), the thickness removed from the top by etching was ~80 nm, which, as expected, is comparable to the etched hole radius of ~54 nm.
III.B. Calculations of large-angle scatterings
As the ion energy decreases below that of the Bragg peak, the ratio of electronic stopping to nuclear stopping decreases (Fig. 2) , and the importance of the large angle scattering of the ions (caused by elastic nuclear scattering) increases relative to the extremely small angle scatterings during inelastic electron scattering. For 1-μm thick layers, the exit angles for 2 to 6 MeV Ar ions were calculated (Fig. 9) . The angle below which about 95 % of the Ar ions exit decreases from < 15 degrees at 2 MeV to < 10 degrees at 3 MeV to < 5 degrees at 6 MeV. This is simply a consequence of the decreasing importance of nuclear stopping with Ar ion energy. The result for 6 MeV Ar is certainly acceptable for our applications.
IV. SUMMARY AND CONCLUDING REMARKS
We have examined the results of etching ion tracks created by ions bombarding polycarbonate films with energies corresponding to electronic stopping power (SE) just above the anticipated threshold for creating etchable latent tracks. Low-energy neon and argon ions with 18-60 keV/amu were used to examine the limits for producing etchable tracks in polycarbonate films, and the results were compared to our previous work with 13.6 MeV Xe (~100 keV/amu). [6] [7] [8] Although additional experiments with lower energy Ar and/or Ne ions are needed to actually determine the threshold for creation of etchable tracks, we have confirmed that the SE threshold is <6 MeV cmimproved control of the etching parameters should permit higher reproducibility of the etching studies and better assessment of any trends with low ion energies.
Using cross-sectional SEM we found that an energy deposition of about 8.28
MeV cm 2 /mg in the polycarbonate at the film/substrate interface is sufficient to ensure that the etched hole will be nearly cylindrical in shape throughout the film thickness.
Under the assumption that the threshold for creating etchable latent tracks in polycarbonate is conservatively 6 MeV cm 2 /mg, SRIM was used to calculate the maximum thickness of polycarbonate film that can be tracked using Ar ions of various 
